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ABSTRACT
A simulation model has been used to calculate temperature distribution and
internal stresses of steel ingots. The aim of this study is to optimize the heating
cycles without compromising the mechanical integrity of the ingots, which ideally
will result in a reduction in energy consumption and an increase in furnace
productivity. The heating cycles of three ingots of different materials (ASTM A105,
AISI 4330, and AISI 8630) and sizes (1.60, 1.75 and 1.32 m) are optimized. The
optimization procedure of the heating cycle is based on a time reduction at each
step of the set point. The phase transformation temperature at the ingot center was
taken as a reference because this is where the higher stresses are developed. A
sample of a 1 m ∅ AISI 8630 ingot was characterized with a Scanning Electron
Microscope, Energy-dispersive X-ray Spectroscopy, X-Ray Diffraction, and
Differential Scanning Calorimetry. Results show precipitates in the as-cast
condition, which will eventually be dissolved after a complete heating cycle.
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Introduction
At present, there is a high demand for production of large forged components for different
industrial sectors such as oil and gas, aerospace, and some other applications. Before
forging, ingot heating time is long, which generates huge furnace-operating costs and
consumes a great amount of fuel. The energy used in the forging process is an important
factor in the industrial economy, and heating costs represent a significant amount. The
aim of the optimization procedure is to minimize heating costs, which are dependent on
the ingot’s total heating time. Optimum heating curves must be developed to reduce fuel
consumption.
To ensure the quality of the final product, the production of large forging pieces is a
process that requires a good knowledge of the thermal history of the piece. The efficacy of
heating cycles can be assessed by three main features: the center of the ingot should reach
the forging temperature, avoiding high-temperature gradients between the surface and
the center during heating; the microstructure should be controlled and homogeneous;
and the heating schedule should ensure that the thermal stresses are low enough to main-
tain the soundness of the material [1].
The heating rate, the microstructure, and the internal stresses of the ingot are the
main effects to consider because they change in a complicated manner during heating.
The temperature in an ingot could rise until it reaches the A1 temperature and starts
to transform into austenite. At that point, the latent heat effect changes the temperature
distribution throughout the volume of the ingot, resulting in thermal and transformation
stresses [2]. The purpose of the heating cycle is to achieve a homogeneous temperature
distribution throughout the ingot while removing precipitates, mainly carbides, before the
end of the cycle [3]. The ideal heating condition is when the ingot center and the surface
temperatures are equal to the forging temperature, resulting in the dissolution of all car-
bides, and the maximum calculated thermal stress should be smaller than the fracture
stress. This can be achieved, deforming shortly after the solidification, when the ingot
is still at a high temperature; nevertheless, in this case this practice is not used because
of the capacity of the plant. Therefore, it is necessary to calculate the time when the tem-
perature difference between the ingot center and its surface is adequate for the forging
operation. Time and heating rates are the two most important factors when defining
the heating cycle, and they depend on the chemical composition, shape, and size of
the ingot [4].
The finite element analysis method is frequently used to predict how a real object will
react to forces, heat, flow of fluids, etc. Finite element analysis provides wider opportunities
for numerical research in forging processes than some other methods [5]. The optimum
heating time for forging is calculated using simulation models [6]. Because it is not nec-
essary to carry out industrial tests with real material, it is profitable to design large ingot
heating cycles using computer models because of the cost and time savings [7].
This work analyzes the possibility of optimizing the heating cycles for large steel
ingots prior to forging. The ingots must meet the following three conditions: they must
be without high temperature gradients when they reach the forging temperature, the
structure must be as homogeneous as possible, and the thermal stresses must be smaller
than the fracture stresses. To achieve this, a study of the heat transfer in the furnace was
performed. Industrial tests were carried out with thermocouples in the ingots to obtain
the heat transfer coefficient value from the result of the recorded temperature. These
temperature measurements were used to create a simulation model that could predict
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the temperature distribution and the stress levels inside the ingot during heating. In
addition, dissolution of precipitates was studied to determine the soaking time needed
to homogenize the ingot, i.e., minimize segregation, and ensure that all parts of the ingot
were the same temperature. The total time of the heating cycle is always related to
ingot size.
Methods
Three different specifications of cylindrical tapered ingots were analyzed: a 63-in. ∅
based on ASTM A105, Standard Specification for Carbon Steel Forgings for Piping Appli-
cations [8], i.e., Ingot A; a 69-in. ∅ made with AISI 4330, i.e., Ingot B; and a 52-in. ∅
made with AISI 8630, i.e., Ingot C, with estimated weights of 32.6, 35.4, and 17.3 tons,
respectively. For the as-cast condition, an AISI 8630 sample of a 39-in.-diameter ingot
was used.
Temperature measurements during heating were taken to compare with the com-
puter model measurements; several holes that measured 316 in: in diameter were made
over the ingot hot top with different depths in which to place ⅛ in. ∅ K-type thermo-
couples. Once the thermocouples were in place, the holes were covered with ceramic fiber,
which acted as thermal insulation. Ingot A had one hole that was 16 in. deep, Ingot B had
one hole that was 9 in. deep, both of which were at the center of the hot top, and Ingot C
had one hole that was 14 in. deep at the center of the hot top and another hole that was
13 in. deep at mid radio. The temperature was monitored during heating with a Graph-
ical and Chart Data Recorder. For these tests, a car bottom furnace with a front door
was used. It was equipped with high-speed burners, consumed natural gas as fuel, had
automatic/manual controls, and the maximum temperature it could reach was 1,350°C.
The furnace had a capacity of 100 tons and had heat exchangers wherein the air was pre-
heated to a temperature between 200°C and 300°C. A ratio of 10 to 1 in the air-gas supply
was used for greater efficiency in the burners. The furnace had eight burners (four on each
side) that were located at the top of the side walls where the thermocouples were also found
to monitor the temperature inside the oven. The floors of the ovens were made of refrac-
tory concrete to support the loads, and the walls were insulated with ceramic fiber.
MATERIAL CHARACTERIZATION
One of the requirements for forging an ingot that comes from a casting process is to ensure
the ingot’s structure is as homogeneous as possible; to achieve this, it is necessary to pro-
vide energy in the form of heat to dissolve all kinds of precipitates, which are mainly car-
bides, in the matrix that are generated during the solidification process. Scanning Electron
Microscopy (SEM), X-Ray Diffraction (XRD), and Differential Scanning Calorimetry
(DSC) analyses were performed to determine whether inclusions were present.
SEM was used to find different phases and to determine the size and morphology of
these phases. A 39-in. diameter AISI 8630 ingot specimen was scanned in as-cast condition
and then imaged at different magnifications with Backscattered Electron, Secondary
Electron, and Energy-dispersive X-ray spectroscopy; this specimen was also analyzed
by XRD and DSC.
For the XRD analysis, a D8 Advance diffractometer (Bruker, Billerica, MA) equipped
with a copper source was used. The diffractometer was operated with a voltage of 40 kV
and a current of 30 mA. The data were collected in a range of 2 θ from 20° to 100° at every
0.02° with an analysis time of 30 minutes per specimen. The specimen was kept rotating at
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a speed of 15 r/min to minimize the effects of preferential orientation and to favor the
random orientation of the crystals. A qualitative analysis was made by identifying the
pattern of each phase using DIFFRAC.SUITE EVA software (Bruker, Billerica, MA).
A DSC 404 F3 Pegasus (Netzsch Group, Selb, Germany) was used for the phase
transformation kinetics and the analysis of the dissolution of precipitates. Alumina
crucibles with 99.6 % purity were selected. The crucible used to place the specimens
had a mass of 297.9 mg, and the crucible for reference weighed 316.9 mg. Five specimens
were heated up to 1,200°C at a rate of 10, 15, 20, 35, and 50°K/min, respectively. To carry
out these tests, the DSC furnace was purged to vacuum up to 94 %; argon was introduced
as an inert atmosphere. In order to avoid unexpected results, smoothing their surfaces
and minimizing the stresses left by mechanical strain, the specimens were electropolished
at 10 V for 10 seconds; the electrolyte used in the electropolishing contained 800 mL of
ethanol, 140 mL of distilled water, and 60 mL of perchloric acid 60 % (HClO4).
SIMULATION MODEL
The prediction of temperatures during heating is a very important process because it al-
lows us to know how much time is needed to obtain the conditions required in the ingot
that is to be deformed. The heating was simulated by the finite element method using the
DEFORM software (Scientific Formatting Technologies Corporation, Columbus, OH), in
which the ingot geometries were sketched and the thermal properties of each material were
calculated using the JMatPro software (Sente Software Ltd., Guildford, England, UK). The
material properties used for this analysis are as follows: thermal conductivity, heat capac-
ity, density, Young’s modulus, thermal expansion coefficient, Poisson’s ratio, flow stress
curves, latent heat due to phase transformation, emissivity, and the heat transfer coeffi-
cient. The simulation model created was a two-dimensional elastoplastic model with a
symmetry plane in the center of the ingot to reduce computational time. Fig. 1 shows
FIG. 1
Sketch drawn for Ingot A [9].
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a sketch of Ingot A, where the coolest and hottest points can be identified as P1 and P3,
respectively. An element between these two points, P2, was also analyzed and is considered
the middle radius. The porosity that could be present for the as-cast condition was not
considered. The model considers the ingot to have a circular profile and a conical volume
with a smooth surface; in addition, the ingot is considered to have no residual stresses at
the beginning of the heating process. The simulation model for the industrial furnace used
in this analysis was based on the heating test of Ingot A. Trial and error adjustments were
made to the model to estimate the coefficient of heat transfer inside the furnace. This
model considers convection and radiation for heat transfer at the ingots surface, and only
thermal conduction is considered at the ingot center [9].
The values of the heat transfer coefficient (h) and emissivity that gave the best result
are presented in Table 1. The emissivity was taken in two temperature ranges because of
the oxidation of the ingot surface and the difference in the phases that exist in these tem-
perature ranges.
Once the correct simulation base model is generated, the temperature at any point in
the ingot, at any grade and steel profile, can be predicted. The heating curves of the in-
dustrial tests were modified in the model and were designed with a shorter total heating
time. These curves not only guarantee that the calculated temperature will reach the tem-
perature required for forging but also that the stress values during heating will not exceed
the stresses calculated in the industrial curves.
The thermal stresses are generated by the expansion or contraction of the material
caused by the thermal deformation and phase transformations. The thermal stress (σ) is
related to the thermal expansion coefficient (α), the Young’s modulus (E), and the temper-
ature difference between two points (ΔT) (Eq 1) [10].
σ = EαΔT (1)
Results
COMPARISON BETWEEN CALCULATED AND MEASURED TEMPERATURES
Fig. 2 shows the original heating cycle for Ingot A; the stepwise curve is the programmed
temperature increase of the furnace for that ingot. The measured temperature at the center
of the ingot is also plotted in the graph in this figure, together with the calculated values
with the model. Additionally, the two horizontal lines represent the temperature range
(A1 and A3) where the ferrite-austenite phase transformation takes place.
For Ingot B, the same graphs as those for Ingot A are plotted in Fig. 3; in this case, the
furnace temperature does not match the programmed setup curve because at the beginning
of the cycle the furnace was preheated before the heating cycle started. After the setup
TABLE 1
Heat transfer coefficient and emissivity values used for the simulation model.
Temperature (°C) Emissivity Heat Transfer Coefficient, h,

N
s ·mm · °C

25–700 0.5 0.015
701–1,280 0.8
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curve starts, the furnace temperature follows it. The furnace temperature deviated from the
setup curve because of a temporary burner shutdown, which was fixed in a relatively short
time; after that, the furnace followed the setup curve. Here again, the temperature of the
ingot surface followed the temperature of the furnace, and the measured temperature at
the center is shown together with the calculated temperature.
In Fig. 4a and 4b, the same curves are plotted for Ingot C, one for the temperature at
the center of the ingot and another for the temperature at the middle radius. The descrip-
tion, as in the other cases, also applies here, and there is a small discrepancy of the mea-
sured temperatures after the phase transformation wherein the temperature of the center is
slightly higher than the middle radius and is probably due to a change in position of one of
the thermocouples. However, at the end of the cycle the temperatures converge to the
FIG. 3
Comparison of experimental
and simulation results for Ingot
B [9].
FIG. 2
Comparison of experimental
and simulation results for Ingot
A [9].
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target temperature. It is clear that there is agreement between the measured and calculated
temperatures.
THERMAL AND TRANSFORMATION STRESSES
The maximum principal stress (σ1) is used to see if a specific part of the ingot is in a state of
compression or tension. Maximum principal and hydrostatic stresses are important in
determining whether the ingot will crack during heating. These stresses will vary, depend-
ing on the heating rate and the phase transformation kinetics.
In the present study, the σ1 generated in the original heating cycles were taken as a
reference because it is known that with these cycles the ingots did not present any damage
or problems in forging.
The σ1 was calculated for the center, middle radius, and surface for each ingot. The
results are shown in Fig. 5.
Although there are stages during the heating cycle in which the σ1 in the middle
radius of the ingot is greater than the stress at the center, these stresses are always lower
than the highest stress in the center at the end of the phase transformation.
The optimized curves were designed so that the σ1 would not exceed the stresses
calculated in the ingot center of the original cycles. Because of this, the ingots are not
expected to have problems when forged according to the optimized heating curves.
INGOT HOMOGENIZATION
Fig. 6 shows a SEM image of the AISI 8630 specimen from the ingot center that was
obtained by backscattered electrons. Here, a chromium carbide can be seen with a brighter
tone than the matrix that is 3 μm in length. According to the JMatPro, this kind of carbide
in the AISI 8630 steel grade starts to dissolve at 750°C. In all heating cycles considered, the
furnace was kept above this temperature for more than 10 hours, which is enough time to
guarantee the dissolution of all carbides.
FIG. 4 Comparison of experimental and simulation results for Ingot C: (a) for the measured and calculated temperature at the ingot
center and (b) for the measured and calculated temperature at the middle radius.
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FIG. 5 The σ1 in the center, middle radius, and surface of Ingots A, B, and C.
FIG. 6 Image of the AISI 8630 ingot center at room temperature that was generated by a backscattered electron detector. The points
marked (a) and (b) were analyzed to show the chemical composition and the diffraction pattern (XRD).
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Fig. 7 shows the presence of all precipitates predicted by JMatPro in an XRD pattern.
Additionally, other phases, such as molybdenum carbide and manganese silicide, were
identified at room temperature. It is thought that the presence of these phases is due
to microsegregation. Nevertheless, JMatPro and Epp et al. [11] indicate that these com-
pounds dissolve at temperatures below that of the last step of the set point in the heating
cycle.
Fig. 8 shows that all specimens evaluated have endothermic peaks at 788°C, which
indicates the phase transformation from ferrite to austenite; this temperature is similar to
that indicated by JMatPro. At 760°C, there is another peak that is attributed to the dis-
solution of pearlite in austenite and to the dissolution temperature of carbides of the type
M23C6, which is 750°C, where M represents iron, molybdenum, or chromium, which also
coincides with JMatPro. The curves in Fig. 8 also show an exothermic process at 470°C of
very low energy attributed to M7C3-type carbide, which is dissolved at this temperature.
Even though, according to JMatPro, the M7C3-type carbide should not be present in the
AISI 8630 steel grade, the carbide is in the specimen heated in the DSC in accordance with
XRD analysis because of microsegregation. In the specimens heated at 20, 35, and 50°K/
min, an exothermic reaction is observed with very low energy at around 1,050°C. It is
FIG. 7 XRD patterns of the AISI 8630 ingot center.
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thought to be the dissolution of an MC-type carbide, which may contain niobium or
titanium-vanadium since its dissolution temperature is in that range [12].
HEATING OPTIMIZATION
Heating curves are designed in several steps that include increasing the temperature and
producing temperature gradients between the center and surface at each step. The largest
temperature gradient during the complete heating curve happens at the center when the
last increment in the setup corresponds with the end of the phase transformation. Fig. 10
shows the evolution of the σ1 in Ingot A, and a similar behavior was observed for the
hydrostatic stress. In this case, the maximum value for σ1 is 300 MPa.
FIG. 9
Comparison between original
and optimized heating cycle for
Ingot A.
FIG. 8
Effect of heating rate on the
energy change in DSC.
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An optimized cycle was designed for Ingot A, reducing the original heating time by
26 % and ensuring that σ1 does not exceed the value of the original cycle and that the center
reaches the forging temperature, as shown in Fig. 9 and Fig. 10, respectively. Time and
temperature reached by the ingot meet the condition that there should not be undissolved
carbides. The σ1 generated in the original cycle was taken as a reference for optimization.
The heating cycle for Ingot B, as shown in Fig. 11, was redesigned, which reduced the
total time of the original cycle by 27 % , ensuring that the σ1 set by the ingot center was not
exceeded; the highest σ1 in Ingot B is 396 MPa. This occurs at the center of the ingot after
35 hours and is when the maximum temperature gradient is reached, as seen in Fig. 12,
which is just about the time the center reaches the A3 temperature. Even though, at the
beginning of the optimized cycle, the σ1 is greater than that of the original cycle, this stress
is lower than the stress registered at the end of the center transformation at a higher
temperature.
FIG. 10
σ1 in the original and optimized
heating cycle for Ingot A.
FIG. 11
Comparison between the
original and optimized heating
cycles for Ingot B.
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The heating cycle optimized for Ingot C reduced the original cycle by 25 %, as shown
in Fig. 13. Since the diameter of this ingot is the smallest of the three ingots studied, it is
possible to start directly at the 870°C step, as the temperature gradient generated at the
beginning of the cycle does not cause stress that exceeds the stress limit established by the
center of the ingot at the end of its transformation, as shown in Fig. 14. The center and
surface are closer to each other in this case, and the temperature gradient is smaller than
that of the other two ingots.
Discussion
The σ1 is reached at the end of the transformation of the ingot center. From the beginning
of the heating cycle until the point before the center reaches the transformation
FIG. 12
The σ1 in the original and
optimized heating cycles for
Ingot B.
FIG. 13
Comparison between the
original and optimized heating
cycles for Ingot C.
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temperature, the behavior of the σ1 is governed by the temperature difference between the
center and the surface, while from the time the ingot center begins its transformation to
austenite until the end of the cycle, the σ1 is governed by the phase transformation; during
the transformation from ferrite to austenite, the material undergoes a volume contraction
while a point nearer the surface is expands in the austenite phase. For this reason, when the
center of the ingot ends its transformation, the σ1 decreases as it begins to expand in the
austenite phase, having the same direction of deformation as the rest of the ingot. During
the final stage of the heating cycle, the center of the ingot is exposed to compression.
The critical moment while reheating an ingot is when the center finishes its transition
to austenite. The temperature at the center lags because of the latent heat used for the
transformation, while the surface continues to increase its temperature, which creates
the largest temperature gradient. In Fig. 10, σ1 at the ingot center is plotted as a function
of time; after the ingot center finishes its transformation, the stress decreases because the
center increases in temperature, and the surface has a constant temperature, which de-
creases the temperature difference and hence the stress itself. Stresses are reduced when
the temperature of the ingot surface does not increase while the transformation is taking
place but the core continues to increase in temperature. This trend continues until the
center begins its transformation. In all three cases, the setup curve increases in temperature
when the center is about to cross the A3 temperature. This fact increases the temperature
gradient to the maximum value, hence the internal stresses are produced. All of this agrees
with Alam, Goetz, and Semiatin [13], who suggest that the failure is controlled by a cri-
terion of maximum normal stress, and the ingots that failed presented cracks initially in
the center of the ingot and then propagated to the lateral surfaces. The failure is caused by
axial stresses.
The optimization process of the heating curves is based on the reduction of time in
each step of the set point. The phase transformation in the center of the ingot was taken as
a strategic point because it is where the highest stress is presented during the heating cycle.
The step at 870°C was considered the most important step in maintaining stresses in a
safe range because it is located above the A3 temperature; this step should be long enough
FIG. 14
The σ1 in the original and
optimized heating cycles for
Ingot C.
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for the center to begin its transformation to austenite (which means that the other points
nearer the surface of the ingot should have already finished their transformations or are in
the process of doing so). This step was longer in the three cases for each optimized cycle.
Although it differs in the goal of heating time reduction, the stresses should be kept at an
acceptable level. The heating time can be reduced in other stages of the cycle or a step could
also be eliminated.
The last step in the set point, when the temperature is at 1,280°C, is in charge of
finishing the ingot’s transformation. The principal stresses fall through this stage of
the heating cycle because the temperature gradient is becoming smaller, and the remaining
time at this temperature needs to be used to bring the center of the ingot to forging
temperature.
The step at 1,100°C was no longer needed in any of the optimized cycles because the
center of the ingot had already started transforming during the step at 870°C. This means
that the phase transformation through the radial length of the ingot is slower and, con-
sequently, the stresses do not exceed the settled limit. The temperature gradient between
the center and surface generated by the elimination of this step did not cause a problem in
the behavior of the stresses.
Because of the diameter size of Ingot C, it is possible to eliminate the step at 650°C.
For this test, the curve was designed to start directly with the step at 870°C because the
temperature gradient at the beginning of the cycle did not cause the stresses to exceed the
limit set by the center of the ingot at the end of its phase transformation.
The strength of the steel decreases with an increase in temperature. The stress value
during the first stage of the optimized heating cycle “A” is greater than the stress value in
the first stage of the original heating cycle, but it is still less than the maximum stress in the
center of the ingot at the end of its transformation.
According to the simulation model, there is slightly greater but imperceptible plastic
deformation in the optimized cycle than in the original cycles.
The simulation model shows that the temperature of the surface rises more rapidly
than the temperature in the center of the ingot at the beginning of the heating cycle. The
latent heat effect is not observed at the surface because it is exposed to both convection and
radiation from the flame and the walls of the furnace. Since radiation is the main mecha-
nism of heat transfer, the temperature at the surface increased quickly at transformation
temperature because of the increase in emissivity at that temperature that is produced by
the oxidation of the ingot surface [14].
Based on the calculations of the optimized heating cycles, it can be concluded that the
σ1 are maintained in an acceptable range when the temperature on the ingot surface or the
set point is at a temperature just above A3 and the center has begun its phase transfor-
mation. This is due to the fact that, through the ingot profile, i.e., from the surface to the
center of the ingot, the phase transformation kinetics are slower because it is at a lower
temperature than in the original heating cycle and, consequently, the volume change
caused by phase transformation would be slower.
A ratio of the time required in the last step of the heating curve, that is at 1,280°C, was
generated (Eq 2) so that the center of the ingot could reach the forging temperature, de-
pending on the diameter of the ingot. This ratio is shown in the following equation:
thom
Dp
≅ 0.22 (2)
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Where thom is the time needed, in hours, to thermally homogenize between the center and
the surface of the ingot. Dp is the diameter of the ingot profile in inches.
Conclusions
Industrial tests were performed to measure ingot temperature as a function of heating time
at the center of the ingot to compare with calculated values for three different steel grades
and sizes. The temperature and stress distributions within the ingot were calculated from
the ingot properties and the setup curve as a function of time.
The temperature required for forging is achieved in the three tests, both the calculated
temperature in the center and actual measurements, which is one of the main objectives of
reheating. Both original and optimized heating cycles, times, and heating temperatures are
sufficient to dissolve different precipitates found in the center of the ingot. The size of the
piece to be treated can influence the soaking time but not the temperature.
Simulation models for large forgings are useful to understand the thermal, mechani-
cal, and metallurgical phenomena that occur during the heating process. This simulation
model allows for the analysis of the optimization of the heating curves, maintenance of the
quality of the ingot, preservation of operation time and energy, and also an increase in the
productivity of the furnaces. The simulation model results agree with the three plant mea-
surements, and this reliable model was used to predict what would happen with the opti-
mized heating curves.
Thermal stresses in optimized heating cycles do not exceed the maximum stress of the
original cycles. Internal stresses produced during the original heating cycles were not high
enough to crack the ingots, and, by the same token, it is expected that optimized heating
cycles are not either.
σ1 are maintained in an acceptable range when the surface temperature of the ingot
(set point) is at a temperature above A3 until the center starts its phase transformation;
and, from the surface toward the center of the ingot, transformation kinetics are slower
because they are at a lower temperature (870°C) than in the original heating cycle; there-
fore, the volume change by transformation will be slower.
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